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The present paper discusses the effects of the velocity 
gradient of air flow and the clearance bet\<leen circular 
cylinder and inner surface of duct wall on the fluid force 
applied on a circular cylinder immersed in air flow with 
1/7 power law veloci ty distribution in a horizontal and 
vertical duct. The pressure distributions on a circular 
cylinder and duct walls are measured and the pressure lift 
and drag are analysed, using jointly a pendant method. ~he 
conclusions attained are summarized as follows: 
(1) The 1 ift due to the flow velocity gradient is applied 
in the direction from the side of the higher velocity 
toward the side of the lower velocity, and increases 
as the velocity gradient becomes steeper. 
(2) The lift due to the clearance between circular cylinder 
and duct wall is applied in the opposite direction to 
the lift due to the velocity gradient, and increases 
as the clearance becomes smaller. 
(3) The resultant lift due to the velocity gradient and 
due to the clearance vanishes at a clearance ratio, 
and turns over the applying direction across it. 
(4) The drag applied on the circular cylinder is almost 
independent of the velocity gradient. 
1. Preface 
139 
The present study originated, in the demand for the fundamental 
data to simulate numerically the solid-gas flow in a pipe. Most 
studies of the numerical simulation employ the data obtained from 
the experimental studies which were carried out of uniform flows. 
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test section 
Fig. 1 Horizontal Duct 
As everybody knows, the lift force is not applied on a non-rotating 
axisymmetric particle (sphere or circular cylinder) in a uniform 
flow. But the lift force is applied on a particle in a pipe flow. 
Most studies (1) - (8) deal with the lift force in laminar flows or 
turbulent boundary layer flows. There are few studies which discuss 
the lift force due to the flow velocity gradient and the clearance 
between the particle and pipe wall in turbulent pipe flows. 
The present experiment was carried out, using two ducts, both 
of which have the same rectangular sections. One is a horizontal 
type, and the other a vertical type. The air flow in the test ducts 
presents the 1/7 power law velocity distribution, which represents 
the fully developed turbulent flow. The effects of the velocity 
gradient of air flow and the clearance between circular cylinder 
and duct wall on the fluid forces applied on a circular culinder 
were investigated. The pressure distributions on a circular 
cylinder and duct walls were measured and the pressure lift and 
drag are analysed, using jointly a pendant method. The experiment 
for the measurement of pressure was carried out in the range of 
the Reynolds number referred to the circular cylinder, Re = 7000 ~ 
14000, and the experiment by the pendant method in the range Re 
= 600 ~ 2000. 
2. Experimental Apparatus and Procedure 
2.1 Duct and Flow Field 
The horizontal duct is a delivery type, as shown in Fig. l, 
and has 40 mm X 200 mm rectangular section with the total length 
3935 mm (except the settling chamber). The vertical duct is a 
suction type, as shown in Fig. 2, and has the same section with 
the total length 3100 mm as the horizontal duct. 
surge tank 
flexible duct 
base plate 
o 
o 
o 
_test. 
'"''--- sectIon 
o 
o 
01.0 
0-
o 
t+++-__ --'--+/creens 
\ 
1.0 
...:r 
1.0 
bell mouth 
Fig. 2 Vertical Duct 
0.51-------+-\ 
.J) 
;;; 0 t---...;;;;....--+-
-0.5t------+'/-----t--/-----I 
-1~----~--====~-~----~ o 10 20 30 
U (m/s) 
(a) velocity distribution in Y 
141 
b 
drag 
~ 
I 
I 
I 
gg~ I 
9 circular 'I cylinder 
I 
U/lJ..,:O±Y/b )t 
I I I 
Fig. 3 Coordinate System 
30 
";;;20 
E 
-
0 
10 
_. 
o 
-1 
0 
• 
(b) 
0 0 0 
• • • 
-0.5 
l 0 0 0 0 I 0-
I 
• • • • . .-
o Umax= 24.5 m/s 
• Umax= t2. 3 m/s 
o 
Z/b 
I 
0.5 
velocity distribution in Z 
Fig. 4 Velocity Distributions in a Horizontal Duct 
The coordinates of flow field are taken as shown in Fig. 3. 
The x direction is taken in the direction of the air flovl, y in 
the direction from the side of smaller veloci ty to the side of 
greater velocity, and z (spanwise) in the direction perpendicular 
to both x and ydirections. The original point is located on the 
pipe center line in the section where the test circular cylinder 
is fixed. The velocity distributions were measured in several 
sections of the ducts, and the flow field in the test section 
could be regarded as two dimensional, as shown in Fig. 4. 
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2.2 Measurement of Pressure Distributions on Surfaces of Circular 
Cylinder and Duct Walls 
The pressure distributions on the surface of circular cylinder 
immersed in the test ducts were measured, using a device as shown 
in Fig. 5. Two pipes wi th the diameters d = 5 nun and 8 mm are 
employed as the test circular cylinders. The circular cylinder is 
located so that its axis is parallel to the z direction, and 
movable in the y direction so that y/b = 0, -0.25, -0.5, -0.55, 
-0.65, -0.7, -0.75, -0.8. A pressure tap with the diameter 0.8 mm 
is made at the spanwise center of the circular cylinder, which can 
be rotated by hand. The pressure is led to a Gottingen type of 
manometer through the inner hole of the circular cylinder. 
The pressure distributions on the upper and lower surfaces of 
the horizontal duct were measured at 52 points where the static 
pressure taps are made at intervals of 5 or 10 mm downstream and 
upstream of the circular cylinder, simultaniously with measurement 
of the pressure distributions on the surface of the circular 
cylinder. 
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2.3 Heasurement of Lift by Pendant Method 
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The device for measurement of lift by a pendant method is as 
shovm in Fig. 6. The experiment was carried out in the test section 
of the vertical duct. The test circular cylinders with the diameter 
d = 1 mrn, 1.5 nun, and 2 Imn and the same lenqth L = 50 nun vlere 
employed. The aspect ratio Lid for the circular cylinder is 
greater than 25, and is thought to be enough great to neglect the 
effects of upwash vortices arround the ed~es of the circular 
cylinder. The diameter of the si lk thread to suspend the circular 
cylinder is 0.005 mrn, and according to a preliminary calculation 
the forc;e applied on the threads can be regarded as negligible 
in comparison wi th the drag and I ift applied on the circular 
cylinder. 
The inclination angle IJJ of the suspending threads are 
measured on the photographs taken by a camera with a power winder, 
using a graphic digitizer. 
From the balance of forces, the lift FL is calculated by the 
following equation: 
FL = (mg - Fo- Fb )tan'IJ (1) 
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Fig. 7 Pressure Distributions on a Circular Cylinder 
where mg is 
The drag is 
the gravi ty force, F b the buoyancy, and F D the drag. 
calculated on the assuMptions that the circular 
cylinder is infini tely long and that the dra0 coefficient CD May 
be given from the Re - CD chart for the uniform flow. In the 
calculation of the Reynolds number the velocity of the approachin0 
flow to the leading edge of the circular cylinder is taken for the 
reference velocity. 
3. Results and Discussion 
3.1 Pressure Drag and Lift 
An example of the pressure distribution on the surface of a 
circular cylinder with the diaI!1eter d = 8 I'1ffi a t the flow velocity 
U
max
=24.5 mls on the duct center line is shown in Fig.7. Here, the 
pressure coefficient C is defined by the following equation: p 
( 2) 
e is the angle arround the z axis, as shown in Fig. 3. Naturally, 
the pressure distribution in the case that the circular cylinder 
is located on the center of the duct shows the sYIDJTI.etric curve 
145 
0.1 
o 
I 00 b g roo 
i • • 
• 
0 
• G -0.1 0 
• d Re -0.2 
0 5mm 7 (0) - 9(0) 
• 8mm 11000-14(0) 
-0.3 
• 
o 0.2 0.4 0.6 0.8 
-Y/b 
Fig. 8 Lift Coefficient Computed from Pressure Distribution 
about the axis e = O. Here, the posi tion· that e = 0 represents 
the leading edge of the circular cylinder. 1\s the circular cylinder 
approaches to the lower wall of duct, that is, the value of y 
decreases from zero to minus, the curves show the pretty asymmetry 
about the axis e = O. For instance, in the case that ylb = -0.25 
and -0.5, when one compares the pressures at the same value of 
I e I, it is found that the pressures in the nega ti ve range of e 
from 0 to about -H/3 are a little higher than those in the 
posi ti ve range of e 
define the separation 
from 0 to about I1/3. It is 
points from the pressure 
difficult to 
distributions, 
it may be said tha t the separa tion points are near the angle 
e = TI/3. The pressure distributions keep sYJTl..J11etry for the range 
I e I > Il/3. Consequently, the aSYTl'metry of pressure distribution 
causes the lift appliecl. in the direction toward to the '-JClll of 
duct. On the other hand, in the case that ylb =. -0.75, that is, 
when the circular cylinder is very close to the wall, the pressures 
in the posi ti ve range of e are higher than those in the nega ti ve 
range 01; it, and the lift is applied in the direction toward to 
the duct center. 
The coefficients of pressure lift and drag (CD and C L) are 
computed by numerical integration of the pressure coefficient [Eq. 
(2)J as follows: 
Co ::: ~ f cpcose de 
CL ::: ~ ~ Cp sine de 
(3 ) 
(4) 
The dependance of C L' = eLand CD on the y direction is shown in 
Fig. 8 and Fig. 9, respectively. In the case that the diameter d=5 
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Fig. 9 Drag Coefficient Computed from Pressure Distribution 
The dependance of C L' = C L and CD on the y direction is shown in 
Fig. 8 and Fig. 9, respectively. In the case that the diameter d=5 
mm, the coefficient C
L 
takes negative value in the ranqe that -y/b 
= 0 ~ 0.75, and positive values in the range that -y/b is greater 
than 0.75. Here, the negative value of C L means that the lift is 
applied on the circular cylinder in the negative y direction, that 
is, in the direction toward to the wall. In other words, negative 
C L neans that the lift is applied in the direction from the side 
of the higher velocity of flow to the side of the lower velocity. 
At the position where -y/b = 0.75, the value of CL equals to zero, 
that is, the lift is not applied. ~'lhen the circular cylinder 
approaches nearer tg the wall (-y /b becomes greater than o. 75) 
the lift is applied oppositely in the direction toward to the duct 
center. Also in the case that d 8 rom, the same effects can be 
found. However, the difference of the experimental values of CL 
between the case d = 5 ItlP.l and the case d = 8 ITUTI is thought to be 
due to the effects of great blockage ratio (d/2b), as described 
in section 3.2. 
As seen from Fig. 9, the dependance of CD on the direction 
is so small that it may be said that CD is independent of the 
veloci ty gradient. The val ue of CD is a Ii ttle greater than that 
for uniform flows. The reason is also thought to be due to the 
effects of great blockage ratio. 
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Fig.IO Pressure Distributions on Duct Walls 
3.2 Pressure Distributions on the Walls of Duct 
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Some examples of pressure distributions on the upper and lower 
walls of horizontal duct are shown in Fig.IO (a) to (f). Here, the 
position x = 0 represents the center position of circular cylinder, 
and air flows from the negative side of x to the positive. As seen 
from the figure (a), when the circular cylinder is located on the 
duct center (y/b 0), the pressure distributions on the upper ana 
lower wall are the same, and the pressures upstream of the circular 
cylinder are a little higher than those c1.ownstream of it. The 
pressure difference bet\-leen the upstream and downstream flow in the 
case that d = 8 rnm (here the figure for d = 8 mrn is omitted) is 
greater than in the case that d = 5 mrn. Such pressure difference is 
caused by the blockage of the circular cylinder. 
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Fig.ll Photographs of a Pendant (d = 2 mm) 
When the circular cylinder is situated near the lower wall of 
duct, the pressures on the lower wall upstream of and near the 
circular cylinder is higher than those on the upper wall, and the 
pressures on the lower wall dOvlDstream of and near the circular 
cylinder is lower than those on the upper wall. At a section 
upstream of and pretty close to the circular cylinder, the pressure 
on the lower wall attains a maximum and at a section downstream of 
and close to the circular culinder it attains a minimum. lAs the 
circular cylinder approaches closer to 
differences between the upper and lower 
the wall , the pressure 
wall become greater, and 
the region where the pressure differences are found becomes wider . 
Such pressure differences are related to the lift applied on the 
circular cylinder, but the integration of the pressure differences 
about the wall surface does not coincide wi th the lift computed 
from the pressure distributions on the circular cylinder. 
3.3 Lift Measured by Pendant Method 
Figure 11 (a) and (b) show the photogrphs taken in the vertical 
duct. Evidently, the circular cylinder is shifted from the vertical 
line to the duct wall. The li ft coefficients obtained from the 
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pendant method are shown in Fig.12. In the figure the experimental 
points are fairly scattered, but it may be found that the lift 
coefficient takes positive values in the range that -y/b = 0 '\, 
about 0.85, and negative values in the range that -y/b exceeds 
about 0.85. Such behavior is the same as described in section 3.1. 
Whereas the Reynolds number is different between the two figures, 
and therefore the quantitative coincidence can not be found. 
4. Conclusions 
The conclusions are summarized as follows: 
(l) The lift due to the flow velocity gradient is applied in 
the direction fromTIthe side of the higher velocity to 
the side of the lower velocity, and increases as the 
velocity gradient becomes steeper. 
(2) The lift due to the clearance between circular cylinder 
and duct wall is applied in the opposite direction to the 
lift due to the velocity gradient, and increases as the 
clearance becomes smaller. 
(3) The resultant lift due to the veloci ty gradient and due 
to the clearance vanishes at a clearance ratio, and turns 
over the applying direction across it. 
(4) The drag applied on the circular cylinder is almost 
independent of the velocity gradient. 
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